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I. INTRODUCTION 

A. NERVAPROGUAM 

As the namt inplia, the .wemIl objective of the NERVA (Nuclear Engine for Rocket 

Vehicle Applications) progmm i s  the devtlopmcnt of a did-corc nt,cleor reoctor-powered 

flight engine for spoce vehicles. The spcific impulse dvuntages of such a sptem over 

chemical-powered rockets, especially in tht cpper-stoges of an interplolt tq missiar vehicle, 

hove been well documenttd in other ploces ond w i r e  ZIC discussion here. The NERVA 

propam, which is currently in progrcrt, is a cartinuoticm 4 exkmicm of the KIWI  series of 

tesh perform4 by the Lol Almtos Scientific L a b t o r y .  Both tht KIWI tests and the preKnt 

NERVA tests utilize the test facilities at the Nuc~ecar Rocket Development Station (NRDS) ot 

Jackass Flats, Nevoda. 

Spccifidly, tht objectives of the NERVA progrorn are as fcllows: 

1) 

w;.ich m y  

2) 

ing p k .  

3) 

kip ond b e l o p  a solid-com nucicor reactor for use in technology development 

bc opplid to a flight ~ngine. 

Demonstrate the feasibility of tht reactor ond engine opemion through ground Mt- 

Develop the necessary facilities, logistics planning, and experienced personnel for 

perfonnonce of the NERVA pmgmrn and m a basis for future p k .  

B. SUMMARY OF PREVIOUS REACTOR TESTS 

The reactor tests performed to date in the NERVA development program are the NRX-A1 

cold flow test series (wrfueled gcrphite w e ,  iieference l), the NRX-A2 power test series 

(Reference 2), m d  the NRX-A3 power test series, the results of which are presented in this 

report. 

Test System (CFDTS), for studies of the hot-bleeti, or "brstrap'', system in nuclear rocket 

engine desip (Reference 3). 

In oddition, the NRX-A1 reactor assembly i s  being used in the Cold Flow Development 

1 
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The pimory ob jcc tks  of each of the above test., have btcn achieved and were as follows: 

I NRX-A1 

a) 

b) 

Verify -tor s t h ~ t u r d  i n t t g i v  d ~ r  full plezr;irc drop loodings 

Obtoin -tor performonce &tu under ambient and cold flow conditiaa. 

2 NRX-A2 

a) To providt significant information for verifying the rteody-state da igr  analysis 

for power opmt;o1 

b) To provide significant informoticm which wi!l aid ip assessing the wltobility of 

the reator to operate at the steaiy-stote power level a d  tmnperJtures required for the reactor 

to be J canponcrrt of an expr in tn td  engine S Y S ~ .  

3 NRX-A3 

o) To -rote at full power foc fifteen minutes wi th  morgin for operatior! at full 

power for 3 period of five minutes after mtort. 

b) 

c) 

To s h r t  &wn and cool down on liquid hy&ogm. 

To stat up from a low-powr low-flow steody-stote operating conditim and to 

shut down from a medium power level on ;+id hydrcgm flow Controi on!y. 

d) 

e) 

To check the stability of certain new control concepts. 

To determine the occeptobility of design changes and modifications to this test 

article. 

f) To vmify the limits af the predicted steody-ltote power flow opemting map up 

to medium power. 

4 CFDTS 

a) Evaluate t k  effect of system poromeren during early stages of "bootstrop" 

startup of future tests, i.e., NRX/EST and XE-engine jfligh?-configuratim dawn-firing engine) 

tcrls. 

2 



b) 

conditions. 

Obtuin c l d - c y c l e  system performance data under ambient and cold f l o w  

During the NRX-A1 tests, there was no eviaence of large, low frequency vibrations 

(which hod occurred in the KIWI reactor series), either forced or self-excited, which would 

imply posrible dynamic instability in the reactor assembly. The absence of t k s e  vibrations 

verified the adequacy of the design of the core s~upport structure. Post-opemtive cxamina- 

tion revealed few signs of the effects of testing on the reoctor components. 

The NRX-A2 -tor was operated for seven minutes at an average power level of 8 13 

megowatts. The liquid hydrogen flow mte avemgcd 75.6 + 1.5 Ib,’sec. Diring h e  seven 

minuter the p w e r  reached 1096 + 50 megawatts for 40 seconds, which verified the ability 

of the reactor and nozzle to wit)r,tand the environment at full power. 

at  the full-power hold was 745 + IS seconds (corrected to vacuum), and the thrust was 55,500 

- 
- 

The specific impulse 

- 
poundr. 
position for propellant flow rates between 5.2 and 13.5 Ib/sec in the power ronge of 2.C to 

4.7 percent of full power ( 1 120 megowatts). The fixed control drum :est demonstrated ?he 

h i b i i i t y  of controlling the reoctor on pope!lont flow only. Another test w a  performed with 

flow rates between 8.3 and 13.5 Ib/sec on dewar pressure alone (no pump operating) at a constant 

3.4 percent of full power. 

During the test series m c t w  stobility wos demonshated with constant control drum 

Overall fuel and gmphite component behavior was ger~erolly CIS expeered. However, OS 

G result of observed corrosion in certain discrete areas, design changes were mode in the 

NRX-A3 to polong fuel and graphite endurance. 

3 
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11. SUMMARY 

The NRX-A3 test series was completed in May 1965, at the Nuclear Rocket Development 

Station (NRDS). The test series w a s  comprised of seven experimental plans (EP' s), which were 

intended to brivg the NRX-A3 in o series of low-flow, low-power tests to a full design power 

test. During EP-IV, after 3.5 minutes of full power (1 120 megawatt) operation, an unplanned 

automatic shutdown occurred, which sukquently resulted in overheoiing of t k  core tie rod 

assembly. It is btlieved that a l o c ~ e  electrical connection in the turbine ovenpeed circuit 

was the cause of this shutdown. A cor .  ehensive review of a l l  the test data indicated that 

the reactor was not damaged, and a decision wos d e  to cmtinue the tests with a full power 

restart. 

During EP-V, the re-cbr  was operated fo; 16 minutes, 13.1 minutes of which were ot 

full power. The total integrated opcmting t i m s  for EP-IV and EP-V was 22 minutes, wi th 

16.6 minutes at full power. The spcc!fic impulse achkved at  the full paw( - hold was approxi- 

motely 750 seconds, corrected to vacuum conditions, while the caiculated thrust was 53,400 

pounds. 

The reoctor was started o third time bring Ef-V; primarily for medicnc power mapping and 

controls tests. A significant feature of these tests was a fixed control drum p I t i o n  test in 

which the reactor power was controlled with the propellant flow rate only 

excellent ogeement with the predictions. This kst showed definitely that the reactor is  

Inherently stable on liquid hydrogen flow conmol only, which i s  a maior step in the simplifica- 

tion of controls far fvture NERVA systems. 

The results were in 

Post-test disassembly and examination, confirmed analyses tlwt the core structural system 

hod not been damaged by the full-power shutdown transients, and that the restarts had not 

jeopardized reacto: integrity or safety. Analyses of the fuel material pointed up specific areas 

where additional design work and future development should be emphasized in order to achieve 

the eventual core lifetime necessary to meet future objectives. 

In summary,the reactor system as 3 whole performed extremely well. In addition, the experi- 

mental data agreed with analytical predictions so well that confidence in predicting the behavior 

of NERVA systems over wide ranges of operating conditions h a s  been increased appreciably. 

5 
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111. TEST DESCRIPTIONS 

T h  NRX-A3 was tested at the Test Cell "A" (TCA) facility of NRDS. This test cell 

complex includes the gas storage (hydrogen, nitrogen, and helium), liquid hydroger. (LH2) 

storage, piping, and contrcls systems necessary to complete a test series for the NRX-A size 

reactor and test ass-;nbly. The controls are located approximately two miles from the test 

cell. Figure 1 is a very simplified sketch showing +he key TCA systems used. The frontispiece 

i s  a photograph of NRX-A3 located on the test car and ccnnected to TCA. 

Figures 2 and 3 show some detail of the reactor mechanical configuration. The reactor 

system inside the pressure vessel consists of 1626 fueled elements, whych make a 132-centimeter 

long cylinder opproximately 44 centimeters in radius containing i72 kg of e.-iriched uranium. 

About 24.5 percent of the 796, OOO cm core volume is  coolant channel void (which inc!udes 

30,600 axial coohnt holes in the fueled graphite), while approximately 14 percent i s  unfueled 

graphite. The fueled graphite elements contair, 0.417 gm/cc of wanium (enriched to 93.5 w'o 

U-235) in the central 70 persent af the core and the concentration decreases in six steps to 

0.136 gm/cc of enriched uranium at the oeriphery. Surroundins the core' s cy1 Indrical -_+ace 

i s  a 5.3 centimeter thick graphite barrel. Next i s  a beryllium reflector 11.7 centimeters 

thick containing 12 beryllium control drums of radius 5.2 centimeters, each of which has a 

bron-oluminum poison vane that moves toward or away from the co-e center as control drums 

are rotated. After manufacture, tne core reuctivity wos adjusted with shims to yield a pre- 

dicted cold critical drum position of approximately 90 degrees (reference 4). The core contained 

8% positive reactivity graphite shims and 388 negative reactivity TaC shims. A more detailed 

description of the reactor can be found in ieferences 5, 6, and 7. Throughout this report specific 

core locations are referred to by "Station Number" which defines the nominal distance in inches 

from the dome or cold end for the core. 

3 

Prior to testing, the reactcr was shipped to KRDS from the assembly facilities of the 

Westinghouse Astrcnuclear Laboratory, located a .  : arge, Pa. Durhg shipment the reactor 



Astrmuclear 
laboratofy 

WANL-TNR-210 

8 



Astionuclear 

WANL-TNR-2 10 

biOZZLE 

.-.- 

Figure 2. V i l w  of NRX-A Reactor 
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Figure 3. NRX-A Fiow Path 
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A. EP-I, INITIAL CRITICALITY AND FLCW TESTS 

During this EP,~ws were prfonntj to invatigott bQic nxlcor, pmpeiiont, Ond c ~ n t r o ! ~  

SpcCiGc *ts involved chaocte~ j t k  of h rro~tcr wtem. 05 biim: 

1) Initial Critica!ity achi-3 and tht m i n i n g  pisan w h 5  rcmovcd, Baric 

rcoctivity doto md rubcriticel multiolicotim &tu were ocquircd, 

2) T h  f n q u c M y  v= chaacttristicr of tk mutrcmic paw- ~0nh0I SFM 

determined and the controi 6 u m  scorn time m m ,  

3) Tats  were performed to c k k  k r  proper operotion of tht various key -tor prottc?;vt 

T k e  devicor include fixed power suwn, reactor pri4 scm, flsting power stmm, devices. 

fcriod limiter and power limiter. 

4) T h e  ambient flow :ah, twa with wrogcn (GH ! ond with 2 
~areoln nitrogen (GN2), were perf0r .d  to determint thc mctivity effecs of (1) Gh2 ard 

(2) core bundling forces; to check  prcdictims on propellant choracteristics of the systems; and 

to check response of the various pressure tfcxlsducers. 

11 
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C, EP-Ill, NELLl3ONICS CALIBRATION (PHASE !i), LIQUID HYDROGEN FLOW TEST AND 
SCALED-DO-b'iN 0, ER TEST 

0. EP-IV, FULL POWER TEST 

This test was performea with a storttrp rump desigred to effect a M0R/sec m k  of increuse 

in -ozz!e chamber tempenture, with blds at 50 percent and 80 percent power for neutronics 

c,yskrn colibation c ~ecks, and operotion at full power (1120 mw) planned for o dumtim of 

ti- pennittej by the kc i l i t y  LH ond GH2 supplies. The power mmp was preceded by an 

automatic reactor startup (Section IV. 0.)  tc 50 kw. 

demond rctredules for LH flow mte, neutronic power, md reactor core temperatures were u d .  2 

2 
Throughout the power test, time-bred 

13 



E. EP-Ill-A, FLOW TESl ANC SCALED DOWN POWER TEST 

Octailcd data arrulyses failowing EP-IV indi-ttd that tht reactor uxe war copoMa of o 

re-rturt to full power or a GH test WQS c m M  out in this EP to determine the p~crtu~c 6oQ 
chomct&stiu of t b  COR! for cornparim with EP-III doto ad c k k  gut thc flow rhut&wn 

protcctim syst- rt. which tad been d ; i i e d  s i n e  the EP-IV full power M. Thtrc hats indicated 

t h t  the test assembly was capobie of p r f m i r r g  cm aiditionol fuil  pomr test. 

2 

A ~ c o n d  -led do\-. k m e r  test was also pcrfomrcd during this €P in m t i m  for t)W 

following full power I st. 

?4  
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F. EP-V RESTART FULL QOVrER TEST 

The startup ?o full power for this test wos p r f d  in hi swne manner as for the EP-IV 

fu l l  pcmer test, After opproxkmtely 16 minutes at power, of which 13.1 min were at full 

power, the M was ?ermirmtcd uprr reaching ?he limit establishtd for LH usoge. A normal 

hh,  consisting of Q nominal -50 R 'KC 
GN2 ard LN2 were used to cmqdete tht cooldown. 

G. EP-VI ALTERNATE S T A R E ?  MEDIlJM POWER TEST 

2 

5 GHT 
3 

was d, Following shutdown L 
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$1.0 Reactivity feedbock 

NOT€: 1. Slid Curves are h k s t  
Calculations 

2. Circles Represent Test 
/ Dora 

I 1 I I I I 
0 10 20 30 40 M 60 

G *  

FLOW - Ib/= 

Figurn 4. Reactor Opemting Mop with Experimental Dah Points 



Of w i a l  interest were the experiments performed with control drum position fixed. 

With the reoctor opmt ing at 1 mw and only a purge flow of GH 

wus fixed and LH flow rate wm manually initiated and increased to 7.5 Ib/sec with a 

comsponding power level incmse to about 35 mw. 

the control drum position 2’ 
2 

Later in the EP fixed drumcontroi position was established at about 45 mw and 10 Ib/sec 
2 

LH flow rate. From this point the propellant flow rate was progromned on o 0.88 Iblsec 

ramp to 45.2 Ib/sec which resulted in a vnocth power level increase to a nominal 340 mw. 

The flow rate was reduced to 20 Ib/sec on a -0.88 Ib/sec rcmp resulting in o power level 

dtac<aCto%mw. 

2 

2 

Figure 5 shows the LH flow and corresponding reactor power as a function of .,me. 2 
Figure 6 shorn the actual path followed on the power-flow operating mop. Subsequently a 

power level odjustmmt wras mode cmd a number of frequency response measurements were 

perfamd on vaiars controllen including a new nozzle chamber pressure controller 

(reference 11). 
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IV. TEST RESULTS 

A. THERMAL AND FLUID FLOW 

This section contains a discussion of thermal and fluid flow aspects of the NRX-A:! tests. 

Generally, good agreement exists between predictions and results for thermal and fluid 

behavior both at ,teady-state and transient conditions (reference 12). Predicted values for 

nozzle, reflecror, and core pressures and temperarures, reactivity feedback, and specific 

impulse as a function of reactor power level for a family of propellant flows, as well as startup 

and shutdown transients are given in reference 5. Temperature, pressure and hydraulic 

calculational methods and predictions can be found in references 5 and 6. 

provides a summary of pretest predictions for each significant test. 

Reference 13 

1 TRANSIENT BEHAVIOR 

In general, 9od agreement was demonstrated between pretest predictions and test 

results for the transients associated with startup to and shutdown from full power. 

Of  interest, however, are (1) control drum bow whicl. occurred during the reflector 

cooldown tronsienk at the beginning of the ramp to power, (2) inner reflector temperature 

rise during steady-state operation at full power, and (3) reactor behavior during and following 

the fiow shutdown which terminated EP-IV. 

Control drum bowing and torsional rubbing resulted during reflector cooldown in the 

first power test EP-IV, because of large diametral temperature gradients across the drum, 

occurring during the transient startup. The control drum bow and the resulting high torques 

required for movement are functions of reflector and drum initial temperatures and their cooldown 

rates. This condition did not, however, result in reactor control problem for this test. Additional 

cleomnce to prevent rubbing hos been incorporoted into NR>(/E$T,and a more symmetric con- 

trol drum, which would eliminate this problem. i s  desiged for incorporation into NRX-AS. 



Astronuclear 0 laboratory 
WANL-TNR-2 10 

Exprience from the NRX-A2 and KIWI-B4E tests indicates that the innt: retlecror 

temperature increases during operation, because its thermal conductivity i s  decreased by fast 

neutron irradiation. Data from the NRX-A3 test iqdicpted that the rhermal ronductiv;>j 

returned to i t s  initial value between EP-IV and EP-V. Additional data and analysis i s  needed 

to predict the inter reflector temperature for continuous firings of longer duration. 

After approximately 203 seconds at essentially full power during EP-IV, a spurious 

pump overspeed trip initiated a flow shutdown, which scrammed the reactor and supplied gaseous 

hydrogen coolant to the reactor through valve PCV-41. 

insufficient for approximately six seconds causing the core tie rods and tie rod liners to exceed 

their Dperating l imit.  

estimated tc be 2503'R and 2800'R respectively based on a measured mean temperature. 

Subseawent use of analytical models and laboratory tests indicated that a minimum of structurai 

tie rod damage had occurred and that the reactor retained sufficient capability to achieve a 

restart to full power operation without undue risk. This analysis was confirmed by the subsequent 

performance of successful power and mapping tests (EP-V and EP-VIl These analytical models, 

supported by laboratory tests, have proven to be sufficient to define th i  reactor structval 

system during severe transients and to provide a valid basis for judgements of reactor conditions 

fol lowing abncrmal transients. 

The gaseous hydrogen flow rate was 

[he maximum tie rod and tie rod liner metal tsmperatures were 

Cemonstration of a stable power response to propellant flow changes wi th  control drums 

position fixed was accomplished in EP-V of NRX-A2 and EP--VI of NRX43. For a discussion of 

the NRX-A3 test and graphkal illustration of the test results, see Section 1II.G. of this report. 

2 STEADY-STATE BEHAVIOR 

During the various flow and power tests of this test series, the system temperatures arid 

pressures were iq agreement with pretest predictions. Analysis of pressure dota from the gaseous 

flow tests performed in EP-I indicated agreement between measured and predicted system and 

reactor pressures. Table 1 shows a comparison of various system parameters with predictions 

during the three power holds for the first full power test (EP-IV). 

Of prime importance in the long range development of NERVA reactor cores is  a 

detailed understanding of temperature distributions throughout the core. Thermocouples located 

22 
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in the ucfueled graphite e;ements are the primary source of temperature aeterminations daring 

the tesi series. Thermal capsules located at the hot end af the core, hmever, provide the 

best indication of maximcn; temperarules in :he unfueled elements. Consideration -US! be 

given, both from temp:otu:e control and diagnostic aspects, to the foct that thernocimpl e> 

:ocated in the unfueled d u i e s  throughaut t!w core indicate a considerably higher temprro+;;r 

than temperature of the fuel itse;f for two reasons: (1) high radiation heating ;n the senscr ocld 

in the unfue!ed mdule contoini 3 the senso; and (2) gaps between the sensor and the unfueleb 

module, and Setween the gnfueled module and the fcel elements. In NRX-A3, ?he t h r n d  

ccpwle and thermocouple data exhibit good cgreement. The calculated volue 3f noximum 

fuel temperature at core centerlice agreed within 35OR of the 4600 R obtained irorn reyessic? 

analysis of measured &io. 

0 

Deviatms from the anticipated radial temperature distribution were observed and b\erp 
0 gttribvted to the inlet temperature being lower than expxted (225 R vs. 250OR) and to the 

conttol drum bank operating at 0.7 angle ofher than that for which the core had been orificed. 

Station 20 thetmocouples indicae-td an increwins temperature w i t h  time at full power. 

7th i s  attributed to ir' .rstit;al mid-band corrasion, which increased t k  g t ~ p  between the central 

unfceled element tkat contains the the:mocoup!es and the iue:ed element. The slowly increasina 

gap reduced the h e a r  transfer away from the thermocouple, causing its temperahre to rise with 

time at a ccjrutant power ievel. 

The tie rad exit gas temperatures, calculated after the tests from ovailcble datu, were 

lower than value; measured during operation. 

are attributed primarily to the use of lower values of thermal conductivity of the insulating sleeves 

than actually exist in the test environment. 

The variation between calcuiated tnd test values 

Testing is  in progress to confirm this point. 

The EP-VI mcpping test indicated that lorge asymrretries in hydrogen flow and material 

temperc ..,re distributions exist at flow rates below 13 Ib/sec. This effect was also observed on 

NRX-A2 at flows be!ow 10 Ib/sec. The cause i s  attributed to two-phase flow at J6e reflector 

inlet plenum, wk re  temperatures and pressures are substant;ally below the criiical p3int of 50 R 
and 180 psia. This asymmetry condition ah I causes unusuo large deviations bet-rceen predicted 

and measured reactivity feedback (reference 12). 

0 
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t!- MECHANICAL EVALUATION -- 
lnformoticm for tk evaluatitm of tht mechm icol pcrfomrrnc e cf NRX-A3 migimtcr from 

two sources : (1) &to obtained drrring th tests from d j x m i c  imtnmmtoticm ond (2) mto frpn 

post-operative examimrt;on during and substguent to reochn dirmrcmt.j,  In .he section which 

follows, the irrrtnrmmtotim utilized ond rhe pertinent -tar which were rntosrrred are 

described. The &\*ti- QIcl analyses nude OS o =ult of past-operative emminotion a-e 

Anaiysis of rronsducer aOta and past-operotive evaluation of ull reactor campmen%, foliou- 

ing d i m m b l y ,  showrd tkcf the =tor performed ex3emly -elf stnrctlroily, ad wos generally 

in excellmi condition fobrowing the tests. 

Results of doto onaiysis showed t b t  the dhl and axiaf core upr~miaa agreed well with 

calculations. Evoluo?ion of t ie  rod strength after tne high temperature excursion of EPlV 

;nr!icated that the care axial support system wm sthrchrolly s o d ,  Measwed tie rod ioc 

a p e d  well with calculated  value!^ and the core e e r o l l y  nmaincd concentric t)roughout the 

test =ties. 

In oddition there was no id icot im of excessively large m<r:bn~ 01 any se!r-hus thcotr of 

self-excited vibrotims. 

The flow tests and power tests were performed w i t h t  seriarr domoge to the reactor in genercll, 

although there was some component damage, as discussed in Secrim 1V.F. 

1 DATA ANALYSIS 

The instrumentoticm utilized to obtuin dynamic informotion during the tests included 

strain gages on the fuel element tie rods and lateral support leaf rprings, displacement p u g e ~  

between the inner and outer reflector , external accelerometers on the presrure vessel a d  nozzle, 

and roque transducers on the control drum drive sr,rrfts Observations d e  wi th  this instrumen-- 

tion are as follows: 

a) Lateral Support Spring Performonce 

Twelve lateral support leaf springs were instrumenkd with w e l d d c  strain g a u ~  

C !  
25 



% m i t o r  core d - b i  au:;On, 

d-rplocrnwnt bttween ihe core (.IS inncr refkctar osrm&y. Circvrrfercnricily voriobk cor2 

expauia, would bt revesled as aymnetric gp c h ~  b t m  tht c x e  and in- rtf iecta. 

Porotiami motion 5 the core w u i d  not be detected. 

The Instrv=tC*im wus &si@ ta detect r r t y  reiative 

I?. hod been pedicted prior to th NRX-M test h o t  10me plunger pins might stic k 

Evidence appcored in thc NRX-A2 data which indicatd t h t  OIK of t).? in h im.w rtflectm, 

plungcr pins did stiuc for o short tint k i n a  t k  shutdown (r.m t k  high 

To eirninatt th is prabiem in NRX-AS, t h  plunger pim w w e  dect-fitrcd fcr the moting holes 

ta i- proper cl-e, Review of NRX-A3 &io rtvmlcd same ctumri?rg m a f tw of the 

dolo chmntis, indicating some m i d  o! very slight sticking, brt tht dunrtiar ard rnognitude 

were 3- ml! iq all COICS. 

serious sticking in the Iateml rupprt system. 

r m  (reference 14)- 

It is  concluad rho: the selective -My kx eliminated m y  

The c o f ~  ;nntr d k t w  p p  WQS md bring mbimt  or flow c d i t i m s ,  

with no acy-crciable Aermal e k t s  m t ,  &.ing EP-I. This &to wms used o 0 check cm 

predictions. 

to tht p w e r  tests, EP-IV d EPV, calcuiation we* mode to dettmine h e  predicted chtmge 

in d i o l  gap at tk aft hd of the core, where c l e ~ r a r c c ~  ..TC at o minimam drrring apert:ion. 

Calculatiom isedictti! .rg interference, and tte dato obtoined bring the ram show none. In 

di t ion ,  J I I  mailable datc indicated that the con remained esscrrtially concentric during 

opemtior.;, and here w a s  no indication of cantact betwern the cure cud the inner reflector, Test 

data also indicated essentiaily no siwific-t vibotions of the support springs. 

The Qta from EP-111-A r o ~  later uKJ as a furthtr c'nc~ic on tk EP-I dawO. Prior 

Far de?aoilcd explanations of calcul~tior,al methods utilized, data anclysis, and m y  

minor discrepancies noted, references 15, 16, 17, 18 and 19 w i l l  provide more canplete 

informotion. 

b) Tie R o d  Performance 

Six of the 289 t;e rods which prcvide axial support of the core were instrumented 

4 t h  two weldable strain gouges. The tie rods ore essentially loaded in ax id  tension, although 

some bending can occur when the core is  bundled. 

The measured loads on the tie rods were consistent between the two power runs, 
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EP-IV and EP-V, ond in all ccses were !a tho? the cmputcd volues, 

b r i n g  tk shutdown operotins a! EP-IV, ihe rraximsm aver- exit  90s 

temperatures at the oft end of the tie rods ex=& the 1 2 d R  ii-it (reference 18, Somc of 

tte central roQ e*prienccd noterial tCztperui:rer i? excess of ttr 1760 R ogilrg t e w t v r e ,  

even 01 high o 2503%. In & to ocrivr a? a dccisim tc otttmpt J f , i I ~ w c r  

it r v a ~  n c ~ v  to determine i f  the tie rods were critically dormgcd os a result  3f the ovm;wjticg, 

4 i f  t h y  were capabie of sustaining full pow- I d  in tht m~;CenCa c d i t i m .  

0 

(EP-W, 

Extensive om!ysis of the data m d  further mts on tie r d  showed ttur suff icint 

s-h mid in the tie rodr to -toin the loods to be encountered in a restart to full p e r .  

In odditiait was colcuiated that the bvn31ing farces pertnt in rhe core hod pr tvmtd  go^ 

slipping in pa* of the cme, k - b v  prvmt ing any w c i o b l e  local yielding in tht tie rods. 

Tht  result of &e  anal^ was a d t c i s i m  tc prfm EF-V ~n plg.md, oft- 

(EP-IIIA) a k s i g d  specifically te, c k k  f a  obvious h g e .  

tion of thc tit  rods revealed no visible dcmoge (kctian 1V.F). 

mid tk high ttrrgcroture excursion of t k  EP-IV s!!fdGm a7d performed duriq EP-L' without 

bit. 

inttrim t a t  

Subiequent part-opcmtive inspec- 

1.1 sum-, tht t i t  rods system 

c) Accelerometer Results 

Results from the accelerometer measurements indicate that occeierationr up to 3 3 

were observed on the pssure vessel. These accelerc?;m levels occurred ot reduced power levels 

(or reduced flow levels for ombient tests), and t e a m e  oppreciobly t-duced whe7 full Wwer 

conditions were reazhed. These occurred at relatively hish frequencies of 249 and 350 :pi acd 

over bond frequencies of 80-120 cps and 480-560 cps. 

Acceleration levels of 30 g were reported on the nozzle durinq EP-IV and EP-L. 

A nozzle resamnce of 240 cps has been well defined from NRX-A2 shake ts ts  (reference 20) ~ n d  

has been confirmed by Aerojet-General Corporation from past laboratory tests. The source of 

excitation i s  believed to be the oscillation from separated to full flow in the notzie at reduced 

chamber pressure levels. 

d) Control Orurn Torques - Drum Rubbing 

Because of the temperature distributions within the components, both :he control 
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C. NUCLfA! ANALYSIS 

1 NUCLEAR 

Initial criticality wos o c h k v d  duri- EP-1 with 378 mi- w i m  m i n i f i g  in t k  core 

and the c0nt.0' drums at 168 &gees (cki.?cd critico!). This c o m e  very well with pretest 

predictions frefczence 12). Retest prcdicriom e c  k i v d  in port from criticol e g n i m M b  

performed or WAhfF prior *a the NRX-A3 rat ing (reference 10) 

T h t  measured coid critical contrc-l drum honk position w i k  .w poi- wires rr01 89 

dquees, 1 &gee less than thot attenpted by sbinvning the core k f w e  the Wits. & t o i l s  ore 

givec in references 12 and 4. InvtrJC multiplicatim during poison wire mmovd ad during *h 

approach to criticality i s  given in references 21 and 8 ior the rest r w i h  and in r e f t r m c t  13 for 

the pec ct:ws. The qcutron economy i s  g i v a  in reference 5. 

The control drum bank reactivity worth was determined to IC 8.8 - -0.3 dollon. The 

toto1 control drum b m k  wing required to perform the test *tie wos 2.4 dollon plus 2 dollan 

ior the mfety motgin limit, or 4.4 dollon. This cotnoares with 4 dollar for the NRX-A2 series 

(reference 12). Differentia: bonk and individual drum worth meosuremcnts oie found in reference 21, 

ReJicted differential and integral drum bonk wort)lr ore in references 5 and 13. 
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3 RADIATION 

Calculated hcoting rates in d o r i c n t t t r  noteriais external to the reactor wtrc gcncraily 

' a w e  t b  measure-+ by ' 2  to 100 meat depending on location. 

:~L"OU?CI cdes ore fd in reference 12. God aqeeme~ .t in experimentol data between 

YRX-A2 ond NRX-A3 w ~ l  OM. T k  calcu!~ttd heating of rt %tor componezrtr is gencrolly 

Analyticai me*.& 4 

'Lon m r t d  by six ta thirty percmt (reference 12). Analytical mtthods of dtttrmining 

r t o c t a r  cumonen  ond colorimtrtr heating art fcund in references 12 4 25. 

Neutrm w d  pmna spatial distributions outs-& the reactor and gomma dene and fast 

mtrm flux 

in gen;-roI, w&res*imortd bo& intcmol d exmnol to m~ pmwrc vcrr~l. 

exis% in t h  &to ond i w v m t  in -t tdmiiqucr 4 t k  ~ I i z C S ~ s  is  ~ r r ~ n r c d .  

f i e  co:;ulated inremil ganmo dose rr;k -rements at thc cote midplonc campare within + 10 

percent of mcorurrmmtl. The external ~amrn  dose r a t e s  meowred on the reoctx midplane abut 

j feet from the ~ 3 1 ~  ;mrtrIim s k w e d  considerable scatter leoving the ulcertointy in COICUIO- 

t ions at - 30 percent. 

mt cor =&ry gamno rodiotia,  is tbe prcdomirnt source. Mrort detail about -a dorime?: 

*in9 t-lmismt dtttcton and fast a d  thermal nmaon d0Si-t~~ using C-, cobolt, 

gold, ord nickel ccq be found in reference 26. Reference 21 provides odcfitionol information. 

the -tot w ~ n  vteaswed by dorimthj. T k  p d i c t c a  fort neutron flux is, 

Large scatter 

- 

Analysis of tht gam*r dart rote urder tht priby roof indicates h t  tht - 

Calcuiot,d values exist of fast neutron energy s p c t m  h i d e  and outside of the reactor 

d thtrmol neutron spectra inside tht -tor. Values OM otlalyticol methods for fat neutron 

flux spectra oots-dc tk reactor ort in reference 27, which  re supported by measurements. Ar: 

ealuotion of methods for colcvlating spectra inside tt.2 reactor i s  f c v d  ic reference 25; while 

va!ues of fast ai-d thermal neutron spectra inside the reactor are found in referent- 5. - 0a"rrna source strength (mev/sec) os a fmction of time after irmdiatiar is given in 

reference 28 for f;u on products and oct;*mted ;omportents b m  the core, reflectors, and cluminum 

snicld. Beto and gommo decay power after fdl-power runs is given in reference 5. 
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0. INSTRUMENTATION AND CONTROL PER6OeMANCE 

1 CONTROL SYSTEMS 

During t k  NRX-A3 tab, the norm~rl cmhol system consisted of two baric I-: 

the LH flow control loop, and the reactor power and temperature control !oop. Cmhol 
loops were also providtd to funtish controlled ltoctar cooling during shutdown phmar of 

opcmtion. 

2 

In addition, several new contr:' concepts were e i f i c j  during the NRX-A3 mh. 

These new control concepts incluce limiter circuits, pressure control system, and ce=+icd 

prcuure-tcn?perature control system. 

Oscillation tests were conducted to obtain tmrnfer fmction informotion on h e  c m o l  

system, feed system, and reactor during power mrgc operution. 

a) Systems Description 

The NRX-A3 control systems consisted of the normal NRX c a ; P d  s y s m  4 
during the NRX-A2 tests and new cantrollen installed to incrcaK r)rt system r.  

goin experimental verification of contml concepts t3 be u d  in tk engine coretro! S ~ S M .  

ability Qld to 

1) Normal NRX Control System 

The n o m 1  NRX control systems consisting of an LH flow control loop ond o 2 
tmpemture and power control Ic3p are described in detail in references 29, 30, 31, ond 32. 
In oddition to these basic control loops, there ore control 100~s which projide cooling during 

shutdown phases of reactor operation. 

The LH flow control system consists of a pump specific rpeed contd loop 
2 

and on RPM/flow control loop. The specific speed loop insures compatibility between the 

turbopump and the reactor characteristics. This i s  accomplished by bypossing, i f  necessary, 

sufficient flow to maintain a preset pump specific s p e d .  The RPM/flow loop provides a position 

signal to PCV-SO which controls the gos driving the pump tuibine. Valve position in this loop 

con be controlled by either manual control, pump RPM control, or LH flow rate control. 
2 

The power and temperature control system provides a position sigral to the 

reactor control drums. This system +roviJzs ior manucl drum position control, reactor power 

control, reactor temperature control, ana automatic startup of the reactor. Ir I: anual drum 

control, the control drvm position demand i s  provided directly, whereas in irmnual or programmed 
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power control, rhe control drum position is gemrated from o wnpensoted error bebeen 

meorwed ad *mon&d m t m n i c  pow-. 

ion c- lacored in o worer tonk poritimd in rhe !est cell r o l l  adjacent ta the feocror. 

In rem*. ;Me cmrtcl, pow= Gtmand i s  n i m d  by a compt:iwrted error betkeen the mcosurcd 

and b - & d  tempmotwe. 

t k  rcmgcmture ermr. The measured temptroturn used by the cmtroiier moy be enit gos 

temperature, Srotion 26 core tempemture, or Station 32 core tempemture. Automatic rcjctot 

stortup is  used to k i n g  the rtoctor from r) sub-critical shutdown cmd;:im to o preselected Wwer 

level by progomming r h e  control drum m i t i o n  until the selected power level i s  reached 

(reference 33). 

T h t  rreutronic p0-w ! d b a c &  signal i s  supplied trorn 

This trim i s  t!e i n c m m t d  power demolxi which is  required ro rerc 

Following on LH flow shutdown, the reoctor i s  cookc by GH2. The K V - 4 1  

wr~ control system providtr o p i t i o n  demcmd to valve KV-41  (figure 1) in order to w i n -  

ruin the pnuurc upstream of Ff- IO ot o level such that the nozzle tow pressure i s  60 percer.t 

of the pmsun level thar existed at :he time of flow shvtdom (reference 34). 

2 

In the event of domoge t~ the propeliant feed system, emergency cooling 

would be providd (monrxrl initiation) to the reactor by flowing GH through the reactor dome. 

This flow -Id be controlled by valve KV-18. The KV-18 position demand i s  generated from 

tSe GH upstream pressure to give o predetwmined flcw rate. 

2 

2 
2) New Control Systems 

Control concepts installed for the first time during the NRX-A3 tests inclcde 

limiter circuits, chomber pressure controller, and slaving of pressure and temperature. References 

35 and 11 provide o detailed description of these contro!s concepts. 

The limiter circuits monitor criticol reactor parameters: reactor power, 

reactor period, care temperature, and tie rod temperature. I: any of these parameters exceed a 

predetermined level and i f  the limiter for that parameter is active, o signal i s  supplied to thr 

p e r  controller which comands on inward movemr; of the control drums sufficient to constroin 

the system variable within its maximum allowable limit. 
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The chamber prmure control system provides a trim on the flow demand of 

This tr im i s  r k  incremental flow d a d  which is  required to r h t  LH flow control system. 

zero rhe pressure error. The trim i s  genemted from a compensated error berwcen mcosured and 

demanded pressure. 

2 

The rempmture control system and the pressure control system are inherently 

coupled in rhe nuclev subsystem. 

of EP-VI by h i v i n g  the temprotwe demand from the measured chamber pressure. 

ship between tht measured chamber preuun ond the demanded temperature was selected to 

maintain a tie rod ttmperoture of 800 R. 

These systems were coupled externally during one p b e  

The relatim- 

0 

b) Testing and Resul ts 

The NRX control systems were used throughout the NRX-A3 test series. In 

addition, the new controi concepts were checked out and oscillation tests were conducted to 

obtain transfer function measurements. 

1) Normal NRX Control Systems 

The LH flow control loop and the temperature and power control loop were 2 
used during the NRX-A3 tests wi th no abnormalities occurring. These control loop per- 

formed o predicted. Agreement between the planned and measured parameten wos within the 

accuracy of the data system (reference 36) 
The automatic startup system was used to bring the reactor to power XI 

essentially a l l  startups, and functioned as predicted. This system had been redesigred between 

the NRX-A2 and NAX-A3 tests to eliminate some operational problems experienced during the 

NRX-A2 tests (reference 31). 

2) PCV-41 Pressure Controller 

The spurious turbopunip overspeed trip which occurred during EP-IV caused 

o flow shutdown. Upon initiation of the flow shutdown, the PCV-41 pressure control loop was 

activated to maintain the pressure at P-041 (upstream of flow venturi FE-IO) at o level designed 

to maintoin t k  nozzle torus pressure at 60 percent of i t s  value just prior to flow shutdown. The 
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pressure controller did provide the P-041 pressure at the desired value. 

reridval Lrl was expnded from the feedsystem, the gas flcw increosed and venturi FE-10 

k a m e  choked; consequently the nozzle torus pressure dropped below the desired 60 percefit 

d u e  even though the pressure control loop error was zero. 

nozzle torur pressure was not mointaind at the desired value and insufficient flow was delivered 

to the reactor. 

However, after the 

2 

Because of this condition, the 

The KV-41 valve control was switched to the manual control d e  within 

a few seconds after the shutdown. When tire control mode was switched, a shcrp further reduc- 

tion in ambient GH flow occurred. An investigation revealed thot this problem was caused 

by the K V - 4 1  followup circuit being w i d  improperly. The combined effect of the choked 

venturi and the switch in control modes reduced the ambient GH flow considerably below the 

desired volue and resulted in overheating the reactor tie rods. 

2 

2 

In order to prevent a recurrence of th i s  flow shutdown discrepartcy durinb 

sukqumt  testing, the PCV-41 pressure controller was redesigned to cornpensate for choking in 

the venturi, FE-IO. The redesip of PCV-41 pressure controller consisted of modifying the P-041 

pressure demand b compensate for the pressure drop across the venturi. The modified P-041 

pressure demand was 60 percent of the nozzle torus pressure at the time of flow shutdown, wi th 

an increase to 120 percent after two secsnds. This change in P-041 demand was necessary 

to account for initial subsonic flow through the venturi increasing to sonic flow after the LH 

has been expended from the system. 
2 

The PCV-41 pressure control system was modified and checked cut during 

EP-IIIA. The controller performed satisfactorily during these checkouts. References 37, 38, 

39, 40 and 41 provide information on the PCV-41 system. 

3) Limiter Circuits 

The power and period limiters were checked during EP-I. For this test the 

power limiter setpoint was set to maintain power below 0.4 kw. When the power *ms demanded 

to exceed this setpoint, the Wwer limiter functioned properly and prevented the power level 

from exceeding the 0.4 kw. 
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The period limiter was checked at limiter setting, of IC, 5, and 2 seconds, 

a,+ c m p n d i n g  period demands of 8, 3, and 1 seconds, reqpctively. At a setting of 10 

seconds, the period limiter worked satisfactorily. A! settinqr of 5 and 2 seconds, slight power 

oscillations were o k r v t d  when limiting occurred. Such power oscillations were expected 

with fat periods. 

The power and period limiters were also checked while operating 

simultaneoaly. 

significant power oscillations. 

subsequent runs, and the period limiter was deactivated. 

Both power ond period were limit& to their respective setpoints without 

Followlng checocout, the power limiter was used for al l  

The core temperature limiter and power limiter were checked during EP-VI. 

With the reactor operating at steady-stote, the temperature limiter was checked by reducing 

the temperature limiter setpoint below the demanded temperature. The core temperature was 

reduced as predicted. With the temperature limiter s t i l l  active, the power limiter setpoint 

was reduced below the demanded power to check the interdependence of the two limiters. 

Both power and temperature were reduced as expected. 

4) Chamber Pressure Control and Coupled Pressure Temperature Control System 

The chamber pressure control system and coupled pressure temperature control 

system were used for the fi-st time during EP-VI. Since the NRX-A3 was the fin& reactor to 

contain CI pressure control loop and a slaved pressure temperature conirol system, the test was 

designed to show that the pressure loop was stable und that the loop performance was as 

predicted from analog computer and mathematical analyses. 

The test results icdicated that the chamber pressure control system and the 

coupled pressure-temperature control systems were stable with larger margins than had been 

predicted. Because of feed system attenuations and phase lag not accounted for in the analog 

model, the system band width of the pressure loop was less than predicreti 

Operational characteristics of these control sjjtems have not been established, 

and a redesign of the pressure controller can be undertaken to ;:prove the response time of the 

pressure control system. 

35 



Astronuclssr Q Laboratory 

WANL-TNR-210 

2 INSTRUMENTATION 

a) NRX-A3 Transducers 

There were a total f 292 WANL sensors installed for the NRX-A3 test series, of 

which 93.8 percent were operuting at the conclusion of the tests. Aiter complete assembly of 

the test article at NRDS, ?8.6 percent of the instrumentation was operable. The operable 

percentage during EP-I, EP-II, and EP-Il l was 98.0 percent, and during EP-IV, EP-V, and 

EP-VI, 93.8 percent were operable. 

The major sensor develepvent consisted of high temperature in-core thermocouples. 

The '-hennocouples installed at statim 32 in NRX-A3 were expected to deviate from the Hoskins 

calibration at about 3500OR. A special calibration, deviating from the 1962 Hoskins calibra- 

tion for the tungsten/tungsten-26 rhenium thermoelements, was .sd to compensate for the 

expected error. A permanent improvement in the insulation resulted from "conditioning" 

during the EP-IV run as evidenced later in the EP-V test. The output signal level closely 

approximated the original Hoskins calibration for the thermocouples. The degraded performance 

characteristic of a thermocouple with insulaticn shunting was clearly missing. The fact that 

"conditioning'' hod occurred was bcme aut later in laboratory experiments (reference 42). 

Strain gage accelerometers were installed on the pressure vessel for evaluation 

alongside the piezoelectric type. The= accelerometers operated throughout EP-I and EP-VI 

and the dc 

correlated very well with analytical calculations and with pressure and temperature measurements. 

Further tests of these transducers are needed to fully qualIfy them for reactor u;e. 

appear to be cr;irect. LVDT's were also installed for evaluation and data obtained 

In general, a l l  transducers functioned as well as expected. The anomalies which 

occurred during test are reported and evaluated in references 43 and 21. 

During disassembiy no sensor condition was observed which had not previously 

Post-operative ex0minatic.q revealed no visual degradation of transducers been determined. 

due to normal test environment. However, the tie rod the:mocouples were damaged when 

exposed to temperatures beyond rheir design limits duriqg the EP-IV shutdown. 

and post-operative examination iesults are further reported in reference 43. 

Disasshbly 
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bl NRX-A3 Data System Perfcrmance 

Dut3 system performance i s  aefined as the performance of ?he instrumenta!Im, 

data acquisition and data reduction systems at NRDS and WANL. A description of the NRX-A3 

data acqaisition and reducttan systems and their operaticill can be fouid in reference 44. 

1) End-to-End Checkout 

A more extensive end-to-end instrumentation ckckout wa: coqduc'ed on 

NRX-A3 than on previous reactors. The purpose of the checkout was to (1) ver;fy and document 

t k  continijity of each channel frcrm the closest termination point to the transducer en the test 

assembly to the recording device at the Control Point, (2) verify ar.d document the polrxity ot 

each channel, and (3)  verify and document :he gain or SC~UP range of each channel. Far 

those accessible channels, the transducerj were stimulated over the range c;f the instruments. 

The results show that the recorded outputs of these channels ogreed within 0 -  ,mx '-1y?ely 

0.1 percent of the valuas recorded during the calibrations of the transdvczrs. 

that were inaccessible were checked out to the Cont;ol Point by injecting sitnuiated sigi:a!s 

at  the closest termination points to the transducer located on the Test Assembly. 

. : ir. :ho;..reis 

2) Data Evaluatim Team 

During this same period of time a data evaluation team was established for 

the purpose of evaluating the performance c f  the data ststem. following a review of the docu- 

ments used in establishing the system, an evaluatior: of al l  data from EP-I was conducted. 

The team was composed af members from AGC, EG&G, NTO, and WANL, although for 

subsequent experimental plans only EGdG and NTO participated. The introduction of this 

evaluation team concept proved effective and wil l  be continued for future test series. 

3) Performance Summary 

Before the start of EP-IV, the data acquisition system contained 869 

chnnels of which 508 were in the reactor diagnostic system. During EP-IV, 839 data channels 

(96.5 percent) operated properly; however, partial data was produced by 10 of the 19 data 

channels canceled due to discrepancies during this test. 
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Befcre the start of EP-V, the dato acquisition $yetem contained 850 

channels (97.8 percent). During EP-V, 824 data c'mnnels (94.8 percent) operated properly; 

+owever, F r t ia l  data wer? produced by 20 of the 26 dat3 chonnels canceled due to discrep- 

ancIes during this test. 

Prior to the start of EP-VI, t'm data system contained 798 channels (91.8 

oerce-: . 
been acother experimen?al plan to perform, only 4 (0.44 percent) of tire 19 channels displaying 

discremncier duri3g this test would have been caxeled. Thus, the data system contained 794 

wwkiic; c'mnnels (91.4 percent! at the end of EP-VI. 

During EP-VI, 770 data channels (89.6 percent) operated properly. Hod there 

Multiplexer probiems were encountered during EP-IV, EP-IIIA, EP-V, o d  

EF-'JI. An e-raluaiior, of the components involved did not esbblish the cause of The anomalies. 

Test evolmt icms after each experimeniol plan did not uncover any discmpncies; however, i t 

i s  .usFec?ed tho! rodic:ian ;+vt ls became high enough 13 cause the problems. The totrrl 

integrated dose meowred in the ELR of Test Cell "A" from EP-V wos greater than 4 9  REP near 

t+?e instrument racks. 

T h e  performance of the data ocqiiisitim system during the NRX-A3 test 

series was, in geneial, good. 

by biTO and an evoiuotion mode w.th respect to perfcrmmce. 

dato acquisition system, or h t o  reduction system are noted in references 45, 36, 37, 38, 41, 

46, and 21. 

,:allowing each experimental plan, al l  the data was reviewed 

Discrepancies of transducers, 

E. SYSTEMS TRANSIENT BEHAVIOR ANALYSIS 

Effmrs in the analyses of systems transient behavior were performed in four categories, as 

described below: 

1 PRE-TEST PXEDICTIONS 

Each planned rest in the power range was simulcted before the test on the digitul and 

analog computers to predict t4e oerformance of the test system. Evalmtion of various progromnted 
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profile oemrnds led to the choice of demand schedules used later in the reactor test wries. 

T k  planned tests were demonstrated as compatible wi th the NRX-A3 control system on the 

analog computer by initiating holds at any stage of the profile without introducing dynamics 

problem. 

The computer wos used to establish limitations m the allowable rate ond extent ot 

the progmmmed shutdown. Computer results were used to demomtrote the dynamic r tuS i l i t j  

of the fixed drum test and established acceptability of h i s  cmtrol d for use in the NRX 

rests. 

The tests involving transfer function measurements by the sinusoidal ond pseudo- 

random input sign01 techniques were also simulated, The results were used to determine input 

signal amplitudes and bandwidths in order to yieid meaningful data and to remain within safe opemt- 

ing toiemnces. 

could be of smaller amplitude with the pseudo-rmdom technique than wi th  the sinusoidal 

It was demonstrated that a usefu: i i p l  input for the tramftr function terts 

technique. 

2 PRE-TEST MALFUNCTION ANALYSIS 
~ ~~ 

Much of the dvnanIcr analysis effort was devoted to pPedicting system performance 

iuring emergency aperution, using the anaiog computer. One clau of abnormal or emrgency 

operation involved r m ~ I n g  rhe progralmer drum in al l  possible modes of operation, i.e., 

forward or reverse at 2-1 '2 times the nonnol rate. The modes of abnormal operation involved 

are retreat, fa t  retreat, and fast forward. The results indicated clearly that the control 

systems and ieactor system pe-formed well in each of these modes as long as the retreat or fast 

forward wos not continued below a propellant flow mte of approximately 12 Ib!sec (in which 

region high tie rod temperatures might result). The procedures therefore were written to 

produce a scram or flow shrrtdown before approaching this low-flow low-power region. 

A second class of abnormal operation or mifunction involved the limiters. Checkout 

of the limiters was undertaken from two approaches: 
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a) Actmticn of limiters from failure of control comporrmts or severe system 

tmnsients. 

b) False actuatim 06 limiters resulting from failure of cmyonents within tk 

I imiteK. 

Anaios computer predictions indicated that the linilers .,rcr:idea c -?~ le  time !:r s\ste-- 

ccmpensotion by the operator in cases of severe system tFansients and failure of contra1 compo- 

nents. 

control system. 

Single failures within the limiters themselves produced no transients in the overall 

3 CROSS-CORRElATION AN9 SINCSO'IOAL TRANSFER FUNCTION MEASUREMENTS 
~~ ~ 

Cross-corre!aiion and sinusoidcl trcTsfer function measurements were Wrformed 

successfully during the NRX-A3 test series. From these dynamic measurements, results were 

obtoined which are useful in improving both dynamic models of the system and the control 

systems for use in future tests. References 47 and 48 provide details. 

Duricg facility flow tests prior to receipt of the test c ticle at TCA, an orifice plcte 

was used at the exit of the propellant feedline to simulate reactat impedance. In the cross- 

conelation measurements, a pseudo-random signal applied to the pump RPM demand wos used 

to perturb the feed system while at 40 Ib/sec flow. Using cross-corrclation techniqcres, transfer 

functions relating the turbine control valve position, pump RPM, flow, pump exit pressure, and 

feedline exit pressure were compuhxi at frequencies up to 20 cps. The results showed good 

agreement with sinusoidal measurements made during the same test, ccnclrming the accuracy of 

the technique. Mormver, results of high precision were obtained at dstant ia l ly  higher 

frequencies thar! were possible with the sinusoidal technique. 

In the EP-IV full power test, a pseudo-random turbopump RPM demand signal (with 

a useful bandwidth of cbout 6 cps) was inserted into :!-,e flow control system. Measurements of 

pressure responses at vrr;ous !ocations from the nozzle torus to the core exi t  permitted the 

determination of the transfer functions relatipg these variables up to a freqyency of a b u t  6 cps. 

Comparisons of these results with frequency responses obtained from analog computer models 
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s b w e d  generally good agreement in the dynomic behavior of ihe overall test article, with 

minor, generally compensating, discreponcies for the individuoi components. The detailed 

redh of these transfer function measurements using cross-correlatim techniques have k e n  

reported in reference 48. 

Five frequency response tests were plonned for EP-VI: 

a) In control drum position cmtrol and pump RPM control, oscillate RPM demand 

preceded by a step in RPM d m d .  

b) In control drum position control a d  pressure control, o;cillo+e pressure demand 

preceded by a step in pressure drtmand. 
In power cmtrol and LH flow control, oscillate power demand preceded by a 2 c) 

negative step in pcwer demand. 

d) With ternperoture demand slaved to measured pressure, oscillate p-essure d m . d  

preceded by a step in pressure demand. 

e) In control drum poait ia control and LH 

preceded by a negative step in drum pasition demand. 

flow control, oscillate drum position demand 
2 

The purpose of these control tests was to obtain transfer function information on the 

control system, feed-system, and reactor during power range operation. 

Test a) was not performed because KV-50 was very near its closed position, and it 

was felt the oscillation magnitudes necessary to acquire doto might cause valve damage by 

hitting the valve seat. 

Tests b) and d) were intended to evaluate the chamber pressure control loop and 

coupled pressure-temperature system as described in Section IV. D. The results indicate that 

t k e  systems operate in a stable manner and have somewhat wider stability margins thon 

predicted. This data w i l l  be used to optimize the new catrol concepts. The test data verified 

feedline, nozzle, reflector, and core analoq models to approximately one cpf. However, the 

data showed an amplitude attenuation in the turbopump which was nDt predicted by the analog 

computer model. 
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Test c) yielded the desired doto on the reoctor flax loop d showed minor d i s c r e p -  

c i a  between the test results and the anal- computer model at high frequencies (above four 

C F ) .  

Reactor power oata from test e\ was reduced and the tronsfcr f m c t i o n  or rec:tor 

power versus control drum angle was obtained. 

this test could not be reduccd, hecause the input mplitudes were too small to produce 

sigrificmt pcrturboticms in temperature. 

T h t  temperature datu which wus desired from 

4 POST-TEST ANALYSES 

Both hod and analog srudies were performed to expiain the results of the inadvertent 

flow shutdown transient thot occurred during the power test ad to develop a model suitable 

for checking out revised emergency flow system controller desiips, A revised pressure demand 

program wcs developed and shown tcr be odequate in providing sufficient flow to properly cool 

the tie rods during a flow shutdown. 

A comparison was mode between analog model pretest predictions and the NRX-A3 

test datu during the startup and the steady-state holds of the power test. The agreement was 

excellent during the sturtup ramps. At tht holds, agreement was not os good because ihe 

actual tempemture and flow demand profiles differed from the early test specification profiles 

which were used for the analog studies. 

Extensive processing of wideband and Sonbcm data from the NRX-A3 t a t  series was 

performed, including component displacements, vibrations, torques, and strains; acoustic 

pressures; and also various temperatures, pressures, power levels, drum angles, etc., used in 

cmss-correl+.jon and sinusoidal transfer function merJsurements. To imp:ove data accuracy 

and the methods for producing widebond data, the following operations were undertaken: 

a) Several modifications tc each of tbe digital compter codes were developed to 

improve the efficiency and flexibility of the widebcmd data processing system; and 

b) The accuracy of the Test Cell "A" instrumentation system was determined and the 

dynamic response of Fressure transducer impulse lines was computed onalyt;cally and confirmed 

by experiment. 
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Widebond doto processing from thr NRX-A3 mt series h a  been tomplcwd. T h t  

SnT, PLOT, d FORMAT c h  developed at WANL, ond thr Hucrtsvillt Rmdom Vibation 

halysis Code were used extensively to process ard orra!yre the doto. 

The SPIT code performs calibotion, conve-ts voltoges into engineering units, ond 

g e n - ~  a m o w t i c  tope for use as  input to the PLOT and Huntsville f m t  coda. 

PLOT code pr- the dota for pmcntotion as SC-4020 ?LOTS, whereas the Yunnville code 

is  u s d  to calculate paw- wh~l d t n s i t k  ond M s f t r  functions. 

T h t  
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F. DISASSEMBLY AND POST-OPERATIONAL EXAMINATIONS 
~ 

Disoucm!tly of the NRX-A3 reactor assembly was initiated in the lower d i s m b l y  bay 

of the R-MAD hilding on June 2, 1965, and continred until approximately July 2, 1965. 

The post-oprational exominations of reactor components begon on June 2, and were essentially 

complete at the time of tkb report. The post-opemtianol examinations were performed 

pr imai ly in the R-MAD lower om! upper disasembly boy and the seven hot cells ond junior 

cave assxiated with the R-MAD hi ld ing complex. Some examinations, primarily mechaicJl 

property examinations and metallogaphy, were performed later at WANL, Large, or elsewhere. 

A general evaluation, in sumnary form i s  given in the following paragraphs for the mior 

components composing the N R X 4 3  reactor assembly. 

1 NON-NUCLEAR REACTOR COMPONENT EXAMINATION 

The overall condition of al l  non-nucleor reactor components after disassembly was 

generally sotisfactory. The majority of the components showed no visual evidence d test 

domoge. Cornparents which did exhibit darnage are discussed below: 

a) Control Drum Housing 

The weld ktween the fomard end of the b r i n g  shaft and tle control drum 

housing b.1 drum No. 11 was obrerved to be separated. It is believed that the differential 

thermal expansions between the control drum housing and the beryllium cylinder produced 

sufficient s t r w  to cause weld failure, Metallogmphic examination of the weld break showed 

that the weld was of good quality, but had only 0.02C inch to 0.025 inch penetration, rather 

than 0.030 inch a required by specifications. A stress analysis indicated thot the membrane 

tensile stress in the weld exceeded the yield strength. It is, therefore, possible that the seven 

cryogenic cycles experienced by NRX-A3 would be sufficient to cause weld failure. 

b) f i l ler  Blocks 

The bond retaining lips on the aft ends of two filler blocks were found to be 

broke-. An analysis indicotes that these breaks could have occurred during the emergencj 

shutdown at the end of EP-IV. The high temperature reached by the tie rods caused the core 

w i th  the filler blocks to move aft toward the ncztle. T h e  f i l ler strips remoin essentially 

stationary and could interfere ba th  the filler blocks under such conditions. 
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C) Thermal Capsule Potting Compmnd 

As ir. the NRX-A2, the thermal capsule potting material had suffered erosion 

and the capsules from several unfueled elements were lost. In addition the filler strip potting 

wos severely attacked, permitting the capsules to tall out during disassembly. On NRX/’EST, 

no =:ring i s  utilized in the core and the capsules are installed in close-fitting holes i n s t d  of 

h e  slots used in the NRX-A3. 

d) 0 4 i n g  Seals 

The O-rings which formed -is between the stainless steel tie rod liner tubes 

and the countersunk insulating sleeves were hordened ond embrittled by the irradiation, and 

were genemlly broken in pieces during disassembly. This effect of irradiation hod been 

anticipated in this temporary fix. O-ring seals are not plcnned for use in later reactors. 

e) S,~pportBlocks 

Nearly al l  of the support blacks,except twelve which were fully caated with 

niobium, exhibited corrosion in the tie-rod hole. 

cor~toined coated tie-rod holes, showed no corrosion except for some small local spots beneath 

coating imperfections on the surface, caused by coating fixture removal during the monufartur- 

ing cycle. After being sectioned, most of the blocks revealed cracks that extended from the 

corner (fillet) mdius of the aft counterbore, the face of which is  a load-bearing surface, to the 

innermost flow holes. 

the crack area. Re-examination of the NRX-A2 blocks revealed that this same condition 

existed to a lesser degree. A comparison of NRX-A2 and NRX-A3 suggests that corrosion at this 

point i s  a result of these very fine cracks. The cracks are believed to be caused by the combined 

thermal and nechanicol loads at the termination of o startup ramp. 

The sectioned fully-coated blocks, which 

In several sectioned blocks, s*?oll corrosion cavities were observed in 

There was also some evidence of external corrosion in very localized areas, bt 

the overall condition of external surfaces and coating adherence was very good. One block 

was severely corroded in one lobe, but a re-check of pre-assembly inspection recc;ds indicated 

no coat.ng, or extremely thin coating, in four holes of this lobe. 

f) Insulating Cups 

The condition of insu!ating cups was generally good, but on some, coating had 
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flaked off. There was perhaps slightly more delamination present than befxe the test. 

9) Tie-Rod Support Washers - 
The support washers in many cases sustained damage in the form of pitting, 

flaking, and corrosion at both inner and outer edges and flat faces. The attack was very 

irregular and unsymmetrical, and appess ' 7  be related to the cracking problem in the support 

block counterbore. There was no evidence of crushing of the washers. The odjocent insulat- 

ing washers (also pyrographite) did not show significant damage, although light corrosion was 

observed in a few cases. 

h) Central-Elements (Unfueled) 

Unfueled central elements showed bore corrosion similar to that of NRX-A2, 

but more exter::*e. .4s in the NPX-A2, attack was irregular, and usually unsymmetrical 

wi th respect to the longitudinal axis. The nineteen central siements containing coated bores, 

were generally intact wi th l i tt le ar no evidence of deterioration. 

coating had deteriorared locally, exposing the graphite to mild surface attack. 

In some instances the 

Condition of the coated ends was generaily good, but there was one notable 

exception in which local attack penetrated deeply into the external surfaces of a single- 

hole element. 

Flexure-strength tests on sections of the unfueled elements showed good reten- 

tion of strength, with an actual increase at the forward end, where radiation effects did not 

anneal out. One specimen, containing o pinhole, was positioned to be stressed in tension. 

The break occurred through the pinhole, with the reduction in strength cf abor;t 35 percent. 

i) Insulating Sleeves 

Soot deposits were observed on many insulating sleeves, wkkh  also contained 

However, the general con&t;on appeared some evidences of end corrosion or delamination. 

to be good. Measurements of thermal conductivity of irradiated sleeves are in progress. 

C W  
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i) Liner Tubes 

ApprSxi.nate!y one-fourth of the stainless steel liner rubes in the core were 

examined in detail. Approximately 75 percent of those examined showed discoloration which 

was usuaily localized near joints in rhe insulating sleeves, and which were not present in the 

kt ter ,  oft section. Similar discolorations were observed on NRX-A2 liner tubes. These 

disc-'Drations are believed the result of migration of residual chlorides from the centra! 

unfueled element. 

Approximately 50 percent of the I iner tubes examined were damaged near the 

oft end by reaction (carbiding) with the pyrogaphite insulating sleeves. This condition was 

causec' by the overheated condition which occurred during EP-IV. 

k)  Tie Rods 

The awearc-,ce of the tie rods was, with minor exceptions, normal, although 

they had averbated near the aft end (by EP-IV shutdown). One tie rod showed discoloration 

around the underside of the button. Two contained a fused ther.nxouple near the button end 

of each tie rod. 

Tensile tests on samples cut from the hct ends of tie rods revealed two samples 

with yield strengths of 64 and 93 ksi. 

123 ksi obtained from samples cut from tie rods in colder regions of the core. It i s  presumed 

that other tie rods in the core were simi!arly affected, i.e., thct full 3r partial annealing of 

o number of tie rods occurred during the emergency shvtdcwn OF EP-IV. However, none of 

the tie rods were found to 1.c stretched, when compared with pre-operational measurements. 

These val3c; compare with a range of values of 104 to 

2 FUEL ELEMENT EXAMINATION 

The results of post-operational examinations performed on the NRX-A3 fuel elements 

are summarized for the maior interest areas based on the phenomena observed. These areas 

ore : 



Surface corrosion 

Hot end corrosion 

Channel exposure 

Bore corrosion 

Pinhole formation 

We;gh t loss 

Fuel bead behavior 

Carbon deposits and bonding 

Strength and dimensionai changes 

Behavior of peripheral elements 

laboratory 
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Information is  also given on t k  behavior of the fuel elements with respect to 

various design iixes and of speciai types  of fuel material present in the core. More dataiied 

information on the performance of fuel elements and fuel element material is  given in 

reference 49. 

a) Surface Corrosion 

Surface corrosion occurred in streak, edge, or patch patterns on 99.5 percent 

of the elements examined. 

(longitudinal) corrosion which occurred primarily at axial stations 19 to 23 with mox' I mum 

occurrence at station 22. Typically,. the effect was noted as parallel longitudinai streaks 

c f  surface corrosion between the underlying coolant channels. The streaks are believed to 

ha.re or:ginated from the high-temperature reaction of graphite wi th interstitial hydrogen. !n 

some instances, streak corrosicn produced channel exposure. 

The most predominant surface phenomena was or.e of streak 

b) Hot End Corrosion 

Corrosion was noted at the coated end of 90 percent of the fuel elements 

examined. Typically, this coriosion produced channel exposure (83.5 percent o f  the fuel 

elements examired). Visual evidence indicated that the maior contributors to this effect 
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were: (1) attack by hydrogen in areas of missing NbC end coatings acd (2) leahage of 

hydrogen from the joint of the d u e l e d  tips. While the widespread occurrence of corrosicn 

at the hot end made i t  difficult ta determ!r.c thc exact number of !eaking joints, unique 

point leakage effects wae noted on 20.8 percent of the fuel elements examined. 

cormsion and channel exposure at the hot end occurred on a higher fraction of the elements 

in the center region ot the core thci those at intermediate core radii or at the core periphery. 

The radial distribution oi the average percent of end flats having channel exposure was 60 

percent (5 crns), 43 percent (25 crns) and 20 percent (45 crns). 

In general, 

c) Channel Exposure 

Exposure of one or more of the outer row of coolant channels cccwred 3" 

27.7 percent of the fuel elements examined. VisJal examinaticn data aid not difierentiote 

between exposure caused by srrrface corrosion or pinhole effects, but dc'aiied examinations 

on o few elements indicated that both effxt: *ere contributing. Channel exposure occurred 

predominantly betwee3 axial stations 20 to 5C m d  ranged from less than arl inch io  several 

inches in length. T k  radial disf:;bution indicated a higher perLent of the elements in the 

center of the core (77 percent 5 crns) displayed the phenomena than tt,ose at the intermediate 

core radii (20 percent, 25 crns) or those at the care periphery (36 percent, 43 cms). 

d) Bore Corrosion cnd Pinhole Information 

Examination of the channels and microstructure in selected NRX-A3 elements 

indicated that bore corrosion was charoster:zed by four distinct phenomena i. e., 

1) A punky subsfmte resulting from the preferential attack of graphite binder 

by hydrogen seeping thrcqh expansion cracks in the NbC liner. Corrosion of this type varied 

from element to element but occurred predor,iinantly in two axia; regioqs, stations 20-24 and 

35-40 based on visual evidence, metallographic examination and incremental electrical 

resistance profiles. 

C W  
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2) 

substrate throug expansion cracks in the NbC liner. The srverity and axial distributions of 

the efiect varied from element to element. 

predomipantly in two axial regions, stations 22 to 28 and 39 to 51. 

Circumferentiai cxrosion rings resulting from local;-ed attack of the 

I t  was observed by visual exomimtion to occur 

3) A continuous gap between th: liner and grci;h;te substrate caused by 

general attack vic 0 diffusicn mect inisn;. 

effects and varied in axial position and severity from -2lement to elentent. 

dominantiy from stotion 35 to the hot end. 

bore corrosion effects occurring in the channels of the ur. ueled .ips which were examir..d. 

This effect was intermingled w i t h  co,rosion ring 

It occurred pre- 

I t  should be noted that there was no evidence of 

4) Relatively deep corrosion pockets, having no apparent circumg entia1 

symmetry. 

b e d  on examination of 5 coolant channels per element. 

phenomena varying in axial occvrrence from elemen! to ele neqt. 

from station 12 to 51 with maximum 0ccur;ence at stat:on 38. 

that two types of corrosion pockets occurred: (1) those associared with 1inc.r defects and 

(2) those associated with corrosion rings. 

have resulted in interchannel commur.ication or pinhole formation. The bore data @stained 

indicates that there was a general axial inrermingling of the {our types of bore corrosion. A 

possible explanation for this is  that axial fuel element temperature dis:ribiJtions were 

significantly aifferent during the high power holds (CP-IV sild EP-V) and t k  medium power 

hold (EP-VI). Fuel element temperatures high enough to produce binder c:tack corrqsim 

were obtcined at downstream stations during the EP-VI test. 

Corrosion pockets were observed on 29 percent of 89 axially slit Jei elements 

I t  apptgred t c  de a random 

Pl-..kets were observed 

V':ual evidexe indicated 

Occasionally, corrosion pock.ets were observec J 

e) Pinhole Formation ----- 
A w a l  of 3301 pinholes were obsertszd on 928 f l iel elements from the NRX-A3 

?inholes were actually observed f:om station core (58.2 percent of i,le elemects examined). 

2 to 51. The predominant occurrence Wac from station 30 to 51 with the maximum occurrence 
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.----- 

at station 38. 

and the visuo! examination results indicate t h t  pinhole fixmation, at least in the waxirnum 

occurrence reshns, i s  probably related to the formtion af properly oriented corrcsion 

pockets. However, pinholes fe r .  

ta interpret in this respect. 

'iydrogen pressure, flow distributions and surface corrosio2 effects. The radial distrihjtion 

of t'le avercge percent pinhoied elements was 32 percept (5 Cmj), 57 percent (25 cms) cnd 

37 percent (43 cms). T'he radial distribution of pink12 severit) {average ?umber of pinholes 

pcr pinholca element! wa; 8 (2 crns), 3 (20 crns md 40 =-IS) and 6.5 <42 cms). 

The iimilarity between the oxia! distribution of corrosion oockets and o i n k l a  

the colder statims of the fuel =lereenh are difficult 

Theso m y  be due to a combination of corrosion pocket:ng, 

f) Element Weight Loss 

Port weight noosurernents on 1096 fuel elements from NRX-A3 indicated cn 

avercge wei_=ht loss p e r  element of 10.6 goms. Aithough there was consi6eroble scatter in 

the dcta, c general trend of decreasing weight loss with increasing core radius was observed. 

T k  radial 2istribut:ons or the average weight loss per element was :5 grams (5 c-3~1, 12 grams 

!25 crns), md 4.5 grams (43 cmsj. Summation of all of the weight doto iadicates o b ta l  

weig,@t 10s oi 1 ?, 638. Incremental resistonce profiles, 

chonne! e taminction and ir.crementa! wz;~ht loss profiie indicated tfdt the oxiai re6;ans 

of moxi.tJm we:ght loss due to b e  corrosion were in the vicinity of station XI and 

statitxis 35-40. The regions correspona tc the axiol areos of maximum binder attack (station 20) 

a d  r.ia<imux. binder ott:Jck cnd.'o- bore corrosion (stations 36-42}. Considerins the ditference 

in orcxiencc: and : 3 ,-e ity i e t w e n  surface corrosion phenomma am bore corrosion phemmena 

obsc:r/c. 

ekrrent WE ight loss wos -r.ade by b r e  corroskm, i.e., norm4 bc;e corrosion pius corrosion 

p:cKets c- d pitihole forrration (reference 50). From an c-zalua:ion of all of the corrosion data, 

ii I S  conc!uGed that a sijnificant portion of the weight 10s occirrred duripg tbe EP-VI test. 

3roms for the 1,390 e!emrnts. 

r h e  NRX- i Z  fuel elements, ir Is believed that the m i o r  corrtritution to the f v '  
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9) fuel B e d  Behavior 

Metallographic examinations were perfomed on samples fram 29 fue! elements 

at =rim axial stations. No cuidence of fuel b e d  migratim wm observed which could be 

attributed to the effects of the reactor tests. 

h) Carbon Deposits - 
Deporits tentorively identified as soot ard pyrocarbon were observed an the 

surface of 92.5 percent of the %el elements examined. 

varied From &emen, to element bu? in generd, sooting was concentrated at stations 20 to 30 

and pyrocarbon at statio-is 25 to 35. Visual evidsnce indicatcd that the deposits were 

probably related to the streak (lot.gitudirla1) corrcsion occurring at stations upstream of the 

deposits. They were probob!y farmed by the high temperature deposit'on of c a b  fram a 

saturated interstitial hydrogen s s  phase. 

The axial location of the deposits 

inter-element tonding was recorded for 160 elements in the NRX-A3 -ore. 

This bonding occurred predominmtiy in the region of carbon depcsition ot stations 25 to 35. 
A higher incidence of bondins 'as noted on e:ements near the core periphery olthmgh cone 

of the F iphera l  eiements were involved. It should be noted that the criteria for recording 

bonded elements was based on the degree of difficulty realized in seporailfig t k m .  Conse- 

quently, elements which may ha-fe been invoived in weaker M i n g  were not recorded- In 

some coses M e d  elements were broken Juricg attempts to sewlate t l m ,  Metallographic 

examination of typically bonded interfaces indicated that the bonds were f o d  by carbon 

deposits fi l l ing !/e interele nent gaps. The bonds were genemlly intermittent wi th regions 

of ihe interface no* being bonded. These examinations indicated that pyrolytic c d x m  

deposit-, were the probable cause for element W i n g .  

i) Strength and Dimensional Ctnnges 

One hundred ninety-one fuel samples from various axial locations in 29 fie1 

elemenb were flexure-tested at morn temperature. i h e  axial d i a l  dishibution of flexure 

rn 
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strength obtained for the reactor-tested elements wos compared with the pretest averages. 

These data indicated thot ?he radiation effects and bore corrosion were t k  two factors 

predominantly influewing the strength changes observed. 

Flexure strengths were obtserved to increase from 21 to 57 percent above the 

IR general, the increase in f!exure pretested average in the axial region 0 to 10 inches. 

strength in this regia was highest in the peripheral clments and decreased in elements of 

decreasing core mdius. Shdies performed to determine the effect of thermal annealing on 

flexure strengths and incremental elstrica! resistance profiles id icated that tk increase in 

strength in the 0-10 regiogi WQS probably due to a d i c t i o n  effect which appe0:ed to be of 

varying magnit.& with respciit to tht COW rodiu~. 

Whimurn flexure strength were observed on the reactor elemerrts at axial 

stations 20 to 25 and 35 to 45. The strength in these regions showed dccreoser vaying from 

10 to 35 percent below the pretest avemge. Agoin the magnihrde of the decrease in strenghh 

appeored to be somewhot jepenant on d i a l  tore miti- although the depewhcy was not 

os pronounced as was obbtrved for the cold and strength increases described above. It wos 

cmcluded from thee data, that the predominant factor causing the decrease in strength at 

t k z  axial locat'ms was thot of bo* corrozfon. 

The orificed length of 62 fuel elements was determined before and after the 

reoctar test. A g e m 1  d e c . m  in length was obKrvCCi shich mged from 15-25 mils for 

elements in the :enter regkn of the cote to 2-7 mils for elements at the core peripher)r. The 

absence of corrosion at the exit faces of these elements ond the temperature produced in the 

fuel during the reactor tu- indicate that the decreases am primarily due to guphitSzation 

effech produced during the high-power rc~ctor runs (EP-IV a d  EP-V). 

i) &hov'm of Peripheral Elements 

TLle peripheml elements in NRX-A3 were surface coated with NK. In general, 

h c ~ v y  wke corrosion (ch0Mlel exposure), OS noted in NRX-A2 on uncoated p t r i p h :  



WANL-TNR-210 
-. I 

elements, did nct exist on the regular 19 hole peripheral elements. The perfarnranct of t k  

12 hole, portio1 elements was significantly worse than the 19 hole p c r i p h l  elements. 

Signific-t amounts of edge corrosion and chcrnnel expowre occurred on the partial elements 

while the regular elements were essentially free of this effect. Corrtnim ar?d channel 

ex- at the k t  end was Sigrificmtly less on tht c00ted peripkral elements, i-e., 89-3 

perrent of the non-periphtrai elements md only 25.2 peccect of the per ipba l  elements 

examined showed this effect. The improved performance of the regular NRX-A3 pipt-1 

elements over thot of tte uncocrted NRX-A2 p t r i p h l  elements (3) pine to the significant 

role h o t  the N K  coating ploys in reducing surface corrosion p k o m t ~ ~  in h i s  critical 01- 

of the core (reference 51). 
Elemect weight loss determinotims were measured only an tb regular, 19-hole 

elememts- A significant drop in weight loas occurred in the peripheral elements of NRX-A3, 

i-e., an average of 4.5 grams per element for the p e r i p k l  elements as opposed to an 

ovemge of 1 1.0 qam per element for non-periphed elements. 

C o ~ i s o m  of pinhole occurrmce m peripheml and nm-periphl fuel 

dements in NRX-A3 indicated thot the NbC coating did nct inhibit pinho!e formotion. 

fmction of peripheral elements which pinbied (37.1 percent) was not significantly different 

thm the fract-on of second row elements which pinbled (40 percent). However, pinhole 

severity (6.5) wos higher thon that obrerved an the zecond row elements (4.5). 

The 

1) - Overcooled Vs. Normal Cooled Peripheral Fuel Element Performance 

Overcooied elements showed less weight IOU (4.8 p m  overage) thon the 

normal-coo~ed elemertts (6.9 p m  avemge). The most pronounced difference between these 

ehemts was in pinhole occcrrence. Fifty percent of the overcmled elements hod pinholed 

whereas none of the normal cooled elements displayed this effect. A sl ight reduction in 

surfuce corrosion effects was noted on second row elements adjacent to overcooled elements 

when compared to second row elements adjacent to the normal cooled elements. While heavy 

tile pottern corrosion effects as seen in NRX-A2 were not observed on the NRX-A3 peripheral 

elements, there was on indication of slightly higher s u r k e  corrosion effects on the second 

row elements as opposed to the third and fourth row elements. 
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2) khovior of Elements Next to Pencil Seals 

There was no marked reduction in surface corrosion on elements in the 

region of the penc:I s e ~ l s .  

3) Behavior of Elements Graphitized in Helium at Y-12 

A cornpjr;son was mode between elements graphitized in helium at Y-12 

and those gmphitized in *ucum at Cheswick. Twenty-three elements, approximotely at the 

some core radius were cmp~-;-d. These elements were all from the scme cooting botch. The 

elemenh graphitized in helium showed an average weight loss of 8.6 gums and 53 percent 

of them picholed. 

p m s  ?nd 12 percent of them pinholed. 

The elements graphitized in vacuum had an average weight loss of 10 

4) Behavior or Y-12 Elements 

The behavior of the Y-12 elements in NilX-A3 wos not sigrificmtly 

different thon thot of the C k w i c k  elements wi th  respect to pinhole formation, surface 

corrosion and hot end corrosion effects. However, these ekm@nts in genera! showed a 

sigrificontly higher weight Icss when compared with Cheswick elements at the same core 

r d i u s .  The Y-12 eiemenb hod an overage weight loss of about 16 gmms per e l e n t ,  while 

the Cheswick elements hcd an overage weight loss of 10 gam per elsment at a core radius of 

35 cm. 
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